2F) and cardiomyocytes (Figures 2G and 2H) in both
with DG on the basal surfaces of endodermal cells, showing a typical sheet-like basement membrane patcontrol and DG Ϫ/Ϫ embryoid bodies. Therefore, DG Ϫ/Ϫ ES cells are able to generate embryoid bodies contern ( Figures 3A-3H ). Other laminin ␣1 immunoreactivity was detected in the core of the embryoid bodies as taining functionally differentiated endoderm and cardiomyocytes-the two cell types in which DG is expressed small, irregular patches, appearing inside and outside of cells, but DG was not colocalized with this patchy in embryoid bodies.
laminin staining except where it overlapped with cardiomyocytes. In marked contrast, the subendodermal Basement Membrane Disruption in Dystroglycan-Null Embryoid Bodies basement membrane staining pattern of laminin ␣1 was grossly disrupted in DG Ϫ/Ϫ embryoid bodies, instead Although certain aspects of embryoid body development appeared normal without DG expression, given only appearing as the patchy deposits described above ( Figures 3I-3L) . In a minority of DG Ϫ/Ϫ embryoid bodies, our previous results with DG Ϫ/Ϫ mutant mouse embryos, we looked more closely at the elaboration of a particular we could detect subendodermal staining of laminin ␣1 similar to control cultures; however, the ultrastructural basement membrane in the mutant embryoid bodies. Typically, embryoid bodies develop a basement memanalysis described below indicates that this is not organized into a basement membrane structure. Similar brane subjacent to the outer layer of endoderm (Martin et al., 1977; Doetschman et al., 1985) . Well-formed endoresults were obtained using antisera reacting with the laminin ␤1 and ␥1 chains, arguing that the laminin ␣1-dermal layers comprise a morphologically distinct feature of embryoid bodies in cross section ( Figures 3C, 3G , specific antibody detected the entire laminin-1 heterotrimer (data not shown). Interestingly, the disruption of and 3K). We examined the subendodermal basement membrane in DG Ϫ/Ϫ and control embryoid bodies by basement membrane molecules in DG Ϫ/Ϫ embryoid bodies extended beyond DG's direct binding partner lamiimmunostaining with antibodies directed against various basement membrane proteins. In control embryoid nin-1. In wild-type and DG ϩ/Ϫ embryoid bodies, type IV collagen and perlecan localized to the subendodermal bodies (wild-type and DG ϩ/Ϫ ), laminin ␣1 is colocalized 
basement membrane and patchy deposits in the cores
Since DG ϩ/Ϫ and DG Ϫ/Ϫ embryoid bodies exhibited comparable levels of laminin ␣1, the failure of basement like laminin-1 (Figures 4A-4D) . Similarly, the subendodermal basement membrane localization of these molemembrane formation in DG Ϫ/Ϫ embryoid bodies cannot be accounted for by reduced expression of laminin ␣1. cules was disrupted in DG Ϫ/Ϫ embryoid bodies ( Figures  4E and 4F Figures 5B-5D ). These basement membranes displayed the characteristic lamina lucida/lamina densa arrowheads). We did not detect subendodermal basement membranes in any of the DG Ϫ/Ϫ embryoid bodies morphology and ran parallel with the plasma membrane, maintaining a relatively uniform distance from it. In some examined (n ϭ 24 from independent experiments). In sum, the ultrastructural analysis revealed that DG Ϫ/Ϫ sections, we could see fibrillar collagen making contact with the subendodermal basement membrane (data not endodermal cells exhibit a polarized morphology, but do not form a basement membrane on their basal surshown). In contrast, inspection of the DG Ϫ/Ϫ embryoid bodies revealed that the subendodermal basement face, in agreement with our light microscopy findings. membranes were completely absent (Figures 5F-5H).
Instead, the endodermal cells appeared to rest upon a fibrous matrix (Figure 5, black arrowheads). A similar
Dystroglycan Is Required for the Formation of Laminin-1 Clusters on the Surface fibrous matrix was detected underneath the basement membrane of control embryoid bodies. However, in con-
of Embryonic Stem Cells
The foregoing results demonstrated that DG is required trol embryoid bodies, the basement membrane separated the endodermal plasma membrane from the fibrous for the formation of the subendodermal basement membrane in embryoid bodies, and they suggested that DGmatrix, whereas in DG Ϫ/Ϫ mutant embryoid bodies, the endodermal plasma membrane appeared to directly conlaminin interactions are critical for the deposition of other basement membrane molecules. Thus, a DGnect with the fibrous matrix (Figures 5F and 5G). Another 
ES cells and embryoid bodies could be rescued by res-
ES cells with the DG adenovirus. By doing this, we were able to restore DG expression in both DG Ϫ/Ϫ ES cells and toration of DG expression. To this end, we employed an adenovirus carrying a rabbit DG cDNA. Because adenoembryoid bodies ( Figure 7B ). After infection of DG Ϫ/Ϫ ES cells, we added laminin-1 to the culture medium and viruses have not been used extensively for gene transfer in ES cells or embryoid bodies, we first tested the ability assayed laminin clustering. We identified cells expressing the viral construct by staining with an anti-DG antiof our adenoviral vector to confer reporter gene expression in these systems. We could achieve nearly 100% body. In cells now expressing DG, we observed laminin clusters colocalized with DG ( Figures 7C and 7D ). Simireporter gene transfer in ES cells with little apparent cytotoxicity (data not shown). In embryoid bodies, we larly, when we infected embryoid bodies with the DG adenovirus, we could identify those expressing DG by found that the expression was often limited to the outer endodermal layer, though not all embryoid bodies showed an immunofluorescence assay ( Figures 7E and 7G) . In DG Ϫ/Ϫ embryoid bodies showing renewed DG expresexpression of the reporter construct ( Figure 7A) . The virus may be excluded from the core of the embryoid sion in the endodermal layer, we observed the typical basement membrane colocalization of laminin-1 with body by the endodermal layer, or those cells might be more permissive to infection than others. This was fortu-DG ( Figure 7F ). When we examined type IV collagen localization in DG adenovirus-infected embryoid boditous for our experiments because DG is normally expressed in endodermal cells. Next, we infected DG Ϫ/Ϫ ies, we found that type IV collagen, too, was associated DG Ϫ/Ϫ embryoid bodies we see a comparatively more however, immunofluorescence and electron microssevere basement membrane phenotype-no detectable copy revealed that a basement membrane failed to form basement membrane. Considering that DG and integrins beneath these cells. This demonstrates that DG is reare coexpressed in many tissues that form basement quired for the formation of the subendodermal basement membranes (Durbeej et al., 1998) and the phenotypes membrane. We stress that despite their disorganization, described above, it is tempting to speculate that DG at least some basement membrane proteins are still might act at a distinct, and perhaps earlier, step in baseexpressed in DG Ϫ/Ϫ embryoid bodies, perhaps explainment membrane assembly than ␤1 integrins. Indeed, ing why the mutant phenotype was not more severe. It DG and laminin-binding integrins interact with distinct seems most probable that DG is involved in the basedomains of the laminin molecule, indicating that they ment membrane assembly through its direct, high-affinmight collaborate in some way during the basement ity interaction with laminin-1. In addition to laminin-1, membrane assembly process as has already been sugwe found that the localization of perlecan and type IV gested for the involvement of these two receptors in collagen was also disrupted in DG-null embryoid bodies. epithelial morphogenesis (Ekblom et al., 1996) . Although a direct interaction with DG (Peng et al., 1998) Although DG was required for the assembly of might explain perlecan's absence from the basement laminin-1 on the cell surface, it was not required for the membrane, DG is not known to interact directly with assembly of fibronectin on the cell surface, consistent type IV collagen. Therefore, the localization of some with integrin involvement in fibronectin matrix assembly basement membrane proteins might depend on prior 
